In this study, it is aimed to simulate aerodynamic forces acting on the windshield wiper system on a simplified geometry at different blade angles. Numerical simulations reveal that at critical blade angles, undesired lift forces can reach their peak values. The blade-spoiler geometry is modified in a manner to alter aerodynamic lift and drag coefficients. On a simplified front windshield it is shown that at a blade angle of 40  , lift forces can be converted to pressing forces by implementing suggested modifications. Furthermore 2 vortex identification is used to understand the formation of vortex structures at different blade angles. On the other hand, soiling tests are performed both on original and modified wiper geometries and their performances are compared. 
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Introduction
Because of vast technological developments in automotive engineering, the requirements of this sector in research and development sharply increase. Especially, vehicle components, which must be specified by international regulations are mostly designed according to the requirements of the customers. Since customer specifications change continuously, the suppliers should fulfil these requirements and continuously focus on research and development studies. The wiper system is one of the vital security components of the vehicle. The wiper system requires high reliability levels and can only tolerate negligible errors. The wiper has a car-specific design and needs to be improved by research and development. The wiping quality and performance are not only checked at static conditions, but also at high-speed dynamic conditions. However, during the wiping process, the driver can be distracted by un wiped regions on the front windshield contaminated by rain water or soil, thus sufficient wiping performance is very important for vehicle safety. A wiping system consists of basically three components; driving mechanism, wiper arm and wiper blade. The wiper arm transfers the movement to the wiper blade and the wiping process can be achieved by removing water and dirt from the front windscreen by a blade rubber. To do this, the wiper blade should be forced on the windshield with sufficient pressing force. The necessary force is obtained by a spring mechanism within the arm.
With increasing vehicle speed the necessary pressing force, which is provided by the spring mechanism, will decline due to the aerodynamic lift forces acting on the wiper arm and blade. As the lift force increases, the pressing force distribution between the blade rubber and windshield decreases, thus the necessary force cannot be achieved to wipe efficiently. Thus the design of wiper blade is important for the wiping performance at high vehicle speeds to achieve desired wiping quality and sustain vehicle safety. [2] investigated aerodynamic behavior of different vehicle parts including windshield wiper system. They acquired force data in wind tunnel experiments for conventional type of wiper blades with an airfoil. They investigated how the airfoil's angle of incidence changes aerodynamic lift forces. They concluded that with the increase of the angle of incidence, lift forces acting on the wiper blade can be reduced and after some point even pressing forces can be achieved. Jallet et al. [3] did both experimental and numerical studies about windshield wiper blades. They used a horizontal flat surface in their study. In their numerical calculations they found out 4 N lift force at 144 km/h for the conventional wiper system and 4.4 N pressing force for the wiper system with a spoiler. Later they validated their numerical results by experiments. Billot et al. [4] continued the former study in [3] and investigated a new type flat wiper blade on a car geometry which was positioned in the mid-wipe position. For a speed of 160 km/h they calculated 9.8 N lift force for the conventional type wiper blade without a spoiler and 7.4 N lift force for the wiper blade with the spoiler. For the new flat blade design, they came up with 4.9 N lift force. Gaylard et al. [5] carried out numerical and experimental studies using a conventional type wiper blade in a sport utility vehicle at different wiping angles with the aim to understand flow and vortex structures near windshield wiper blades. Yang et al. [6] numerically studied with conventional type wiper blades on a car geometry. They used seven different wiping angles between 0° and 90° with an increment of 15° and worked at three different vehicle speeds such as 30, 50 and 70 km/h. They found out that most lifting forces occur on the driver side between 30° and 45° and the most critical angle for the passenger side was 30°. Lee et al. [7] investigated the new flat blade design on a half car model numerically. They used four wiping angles and two vehicle velocities such as 170 and 200 km/h. They found out that the highest lift force acting on the wiper blade occurred during 1/2 period of the wiping cycle on driver side and during 1/4 period of the wiping cycle on the passenger side. They also researched the effect of hood tip on drag and lift forces acting on the wiper blade. The main aim of the study relies on improving the wiping quality of the wiping system for high speed vehicles, thus this numerical study investigates how to decrease aerodynamic lift forces acting on the wiper blades at 240 km/h by applying geometric modifications. The proposed modifications of the wiper parts such as spoiler's curvature, height and the connection type are found to be useful in terms of improved aerodynamic performance. The increased quality of the wiping performance are also tested by flow visualizations and numerical results are validated qualitatively. 
Mesh and Convergence Tests
Convenient boundary conditions are defined on the surfaces of the flow domain as shown in Figure 2b . The vertical surface upstream of the wiper blade is prescribed with inlet boundary condition (uniform free stream velocity of 240 km/h) and the upper surface of the domain and the vertical surface opposite to the inlet have outlet boundary conditions. The remaining vertical surfaces on the right and left sides of the wiper blade are defined with symmetry boundary condition. Meshing is done with hexahedral elements where in the vicinity of the wiper blade the mesh is clustered densely which is indicated by a box encapsulating the wiper blade in Figure 2b .
Extensive grid checks have been performed to obtain the mesh which can supply reliable numerical results. Depending on the blade angle, the number of the cells can change however, sufficiently dense meshes consisting of around 13.8 million hexahedral elements are found to be sufficient to obtain reliable results at different blade angles. Table 1 shows the mesh independence tests for the calculated aerodynamic forces and coefficients using various dense meshes. Figure 3 shows the computational domain with hexahedral elements in the vicinity of the wiper blade and mesh for the boundary layer. The convergence criteria for all transport equations is set to be 10 -5 and Figure 4 shows the convergence of the aerodynamic forces acting on the wiper blade with respect to iterations. 
Computational Approach
The flow is modeled by the finite-volume based, incompressible, turbulent, steady flow solver (ANSYS-Fluent). Realizable k-ε turbulence model is selected with enhanced wall functions where y+ is around 5. SIMPLE algorithm is preferred with second order upwind schemes for momentum, turbulence kinetic energy and turbulence kinetic energy dissipation equations. The turbulent length scale is assumed to be the height of the spoiler varying between 16.6 mm and 19 mm. Turbulence intensity is assumed to be 3% at the inlet. The fluid is air with constant thermo-physical properties where the density is ρ=1.225 kg/m3 and the dynamic viscosity is μ=1.79x10-5 kg/ms. The Reynolds-Averaged-Navier-Stokes equations are solved together with the transport equations of turbulent kinetic energy (k) and of turbulence kinetic energy dissipation (ε). The transport equations for (k) and (ε) for the Realizable k-ε turbulence model are indicated in Equations (3) and (4) respectively [9] . 
Computational Results

Effect of Angle on Drag and Lift Coefficients
For all four wiper profiles, it is observed that the variation of the drag coefficient with respect to blade angle indicates the same characteristics as shown in Figure 5a . Highest drag forces are obtained for the Model-3 where lowest drag forces are given for Model-0. However, the trend of lift coefficient variation with respect to blade angle is very similar for Models-0 and Model-1. Furthermore, Model-2 and Model-3 indicate the same trend in the variation of lift coefficients as given in Figure 5b . In Table 2 
λ2 Vortex Identification Method
There are several vortex identification methods, one of them which is λ2 vortex identification. It is utilized to reveal detailed flow structures. Pressure differences caused by them can be seen in Figure 8 where contours are shown in the 3/4 slices of the geometry. λ2 vortex criterion is a detection algorithm that can adequately identify vortices from a three-dimensional velocity field. It consists of several steps: first the velocity gradient tensor is defined and then the tensor is decomposed into its symmetric and anti-symmetric parts, both parts are obtained by the velocity tensor and its transpose. Next for each point in the velocity field three eigenvalues are calculated and ordered in descending order. A point in the velocity field is part of a vortex core only if at least two of its eigenvalues are negative, or λ2 <0 [8] . 
Experimental Results
Soiling tests have been carried out in a thermal wind tunnel to compare the performances of the original wiper blade with the performance of the modified wiper blades.
To obtain more reliable experimental results, the spring preload is initially measured by a force-meter (10.7N) before applying aerodynamic forces in the wind tunnel. 
Conclusion and Discussion
In this paper aerodynamic forces acting on the wiper blades with different modified geometries are investigated numerically and experimentally. The main goal of the study is to generate down forces to overcome lifting at high speeds. Three geometric parameters are investigated: spoiler curvature, wiper height and connection type. It is revealed numerically that an increased wiper height with a rounded metal part supply most satisfactory results in terms of decreased lift forces at various blade angles. Pressing forces on the wiper system are achieved if the suggested models are used. Soiling test are carried out in a thermal wind channel where the proposed wiper blade modification supplies much more satisfactory results in terms of better vehicle safety. As extensive numerical investigations and soiling tests revealed, Model-3 is found to be the best modification and it is manufactured.
